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Ubiquitin-mediated protein degradation has been pro-
posed to play an important role in regulating synaptic
transmission. Here we show that LIN-23, the substrate
binding subunit of a Skp1/Cullin/F Box (SCF) ubiqui-
tin ligase, regulates the abundance of the glutamate
receptor GLR-1 in the ventral nerve cord of C. ele-
gans. Mutants lacking lin-23 had an increased abun-
dance of GLR-1 in the ventral cord. The increase of
GLR-1 was not caused by changes in the ubiquitination
of GLR-1. Instead, SCFLIN-23 regulates GLR-1 through
the -catenin homolog BAR-1 and the TCF/Lef tran-
scription factor homolog POP-1. We hypothesize that
LIN-23-mediated degradation of BAR-1 -catenin reg-
ulates the transcription of Wnt target genes, which in
turn alter postsynaptic properties.
Introduction
Regulation of synaptic strength is thought to form the
basis of information storage and processing in the brain.
At central synapses, fast excitatory synaptic transmis-
sion is mediated primarily by two families of glutamate
receptors (GluRs): α-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) receptors and N-methyl-D-
aspartate (NMDA) receptors. AMPA receptors present
at postsynaptic elements are derived from a rapidly re-
cycling pool of receptors undergoing repeated cycles
of insertion by exocytosis and removal by endocytosis
(Malinow and Malenka, 2002; McGee and Bredt, 2003;
Song and Huganir, 2002). Work from several laborato-
ries suggests that regulation of AMPA receptor recycl-
ing is a potential mechanism for producing changes in
synaptic strength (Malinow and Malenka, 2002; McGee
and Bredt, 2003; Song and Huganir, 2002). Conse-
quently, characterizing the biochemical mechanisms
regulating AMPA receptor abundance at postsynaptic
elements may provide insights into the mechanisms
underlying synaptic plasticity.
We previously showed that one mechanism regulat-
ing the C. elegans glutamate receptor GLR-1 is the
ubiquitin-dependent endocytosis and degradation of
GLR-1 (Burbea et al., 2002). Ubiquitin is a 76 amino acid
protein that is conjugated to target proteins via a se-
quence of three enzymatic reactions. Ubiquitin activa-
ting enzymes (E1) and ubiquitin conjugating enzymes*Correspondence: kaplan@molbio.mgh.harvard.edu
1These authors contributed equally to this work.(E2) activate ubiquitin by forming an E2wubiquitin thiol
ester conjugate. In the last step of the reaction, the
ubiquitin ligase (E3) catalyzes the transfer of ubiquitin
from the E2wUb intermediate to the target protein.
Ubiquitin ligases achieve this by binding both the E2
enzyme and the target protein. Several protein domains
are associated with E3 ligases, including RING, HECT,
PHD, and U box domains (Coscoy and Ganem, 2003;
Hatakeyama et al., 2001; Weissman, 2001). E3 ligases
can be either single subunit proteins or complex oligo-
meric structures. For example, the Skp1/Cullin/F Box
(SCF) class of E3 ligases contains at least four subunits
and is typically identified by the substrate binding sub-
unit, the F box protein (Figure 1A) (Deshaies, 1999). F
box proteins recognize a small number of specific sub-
strate proteins and are linked to the SCF complex by
binding to Skp1 family members (via the F box domain).
The crystal structure of SCF complexes suggests that
the Cullin subunit acts as a scaffold of the SCF complex
(Zheng et al., 2002). It binds both the Skp1-related sub-
unit and the RING domain subunit. The RING domain
subunit recruits the E2 enzyme to the SCF complex.
Ubiquitination of proteins is a common posttransla-
tional modification and occurs in a wide variety of cellu-
lar processes (Hicke, 2001; Hochstrasser, 1996; Pickart,
2001). Ubiquitin targets proteins for degradation by the
proteasome and can serve as a targeting signal for en-
docytosis and trafficking of membrane proteins from
the Golgi apparatus or endosomes to lysosomes.
Ubiquitination of proteins is highly regulated. Substrate
recognition by E3 ligases (e.g., F box proteins) often
requires prior phosphorylation of the substrate, and the
catalytic activity of ubiquitin ligases is often regulated
by phosphorylation or by binding of regulatory sub-
units.
Several recent studies suggest that ubiquitin-medi-
ated regulation plays a role in regulating synaptic
strength and plasticity (Cline, 2003; Hegde and DiAn-
tonio, 2002; Murphey and Godenschwege, 2002). The
stability of several postsynaptic proteins is regulated
by ubiquitin/proteasome-dependent degradation, and
chronic changes in synaptic activity cause concerted
changes in their abundance (Ehlers, 2003). Shorter-
term treatments with proteasome inhibitors lead to in-
creased synaptic strength in both Drosophila and
Aplysia (Speese et al., 2003; Zhao et al., 2003). In Dro-
sophila, this effect was primarily presynaptic whereas
in Aplysia proteasome inhibitors had both pre- and
postsynaptic effects. In Drosophila and C. elegans, the
RING protein Highwire/RPM-1, which encodes a puta-
tive E3 ligase subunit, regulates the growth of presyn-
aptic nerve terminals (DiAntonio et al., 2001; Liao et al.,
2004; Schaefer et al., 2000; Wan et al., 2000; Zhen et
al., 2000). Mouse knockouts lacking a ubiquitin ligase
(E6-AP) have defects in hippocampal long-term poten-
tiation (Jiang et al., 1998). Ubiquitin-mediated degrada-
tion of SPAR, a Rap GTPase activating and actin bind-
ing protein found in spines, leads to loss of dendritic
spines in cultured hippocampal neurons (Pak and
Sheng, 2003). Thus, ubiquitin-mediated processes are
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52Figure 1. LIN-23 Regulates the Abundance of GLR-1::GFP in the Ventral Nerve Cord
(A) Ubiquitination catalyzed by an SCF ubiquitin ligase complex (Maniatis, 1999). Four subunits of the SCF complex are shown in color (F box
protein, Skp-1-like subunit, Cullin subunit, and RING domain-containing subunit), and the E1 and E2 enzymes and the target protein are
shown in gray. Recognition of the target protein by an F box protein often requires prior phosphorylation of the target protein.
(B) The LIN-23 model shows the protein domains, the mutations of the two alleles used in this study, and the dominant-negative LIN-
23(F) construct.
(C–F) The anterior portion of the ventral nerve cord of wild-type and mutant L4 larva/young adults carrying an integrated GLR-1::GFP
transgene was imaged: wild-type (C), lin-23(nu412) F box protein (D), lin-23(nu412) rescued by expression of lin-23 cDNA under the control
of the glr-1 promoter (E), and wild-type expressing a dominant-negative LIN-23(F) under the control of the glr-1 promoter (F).
(G) The distribution of GLR-1::GFP puncta was quantified by measuring the puncta intensities and puncta widths. Shown are the means and
standard errors of n = 65 wt, n = 50 lin-23(nu412), n = 22 lin-23 rescue, and n = 24 LIN-23(F) animals.
(H) GFP-tagged LIN-10 was expressed behind the glr-1 promoter and the anterior ventral nerve cord of wild-type and lin-23 mutants was
imaged.
Images are oriented with anterior to the left and ventral up, scale bar is 10 m, error bars represent standard errors of the mean (SEM), and
values that differ significantly from wild-type controls (Student’s t test) are indicated as follows: *p < 0.01 or **p < 0.001.likely to play important roles in regulating synapses; (
ahowever, much remains to be learned about the de-
tailed mechanisms underlying these effects. 1
sWe have used the nematode C. elegans as a model
to study the mechanisms regulating the abundance of a
pAMPA receptors at synapses. The C. elegans genome
encodes two NMDA receptor subunits (Brockie et al., t
o2001b) and eight non-NMDA receptor subunits (Brockie
et al., 2001a), one of which is encoded by the glr-1 gene GHart et al., 1995; Maricq et al., 1995). GLR-1 receptors
re expressed in ventral cord interneurons (Hart et al.,
995; Maricq et al., 1995), where they are localized to
ensory-interneuron and interneuron-interneuron syn-
pses (Burbea et al., 2002; Rongo et al., 1998). We
reviously showed that ubiquitin has two effects on
hese synapses (Burbea et al., 2002). Direct conjugation
f ubiquitin to GLR-1 promotes endocytic removal of
LR-1 from synaptic sites. In addition, ubiquitination of
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dance of GLR-1 at synapses in the ventral cord. The
ubiquitin/proteasome system is required for agonist-
induced endocytosis of mammalian AMPA receptors;
however, in this case, ubiquitination of AMPA receptors
is not involved (Colledge et al., 2003; Patrick et al.,
2003). These results suggest that ubiquitin-mediated
regulation of AMPA receptor endocytosis represents a
phylogenetically conserved mechanism for regulating
synaptic strength.
Here we show that an SCF ubiquitin ligase containing
the F box protein LIN-23 regulates the abundance of
GLR-1 in the ventral nerve cord. The LIN-23-containing
SCF complex (SCFLIN-23) does not directly ubiquitinate
GLR-1. Instead, we find that SCFLIN-23-mediated regu-
lation of GLR-1 is mediated in part by degradation of a
β-catenin, BAR-1.
Results
The Abundance of GLR-1::GFP in the Ventral
Cord Is Increased in lin-23 Mutants
To identify genes that regulate the abundance of GLR-1
at synapses, we used a functional fusion protein of
GLR-1 tagged with the green fluourescent protein
(GLR-1::GFP) (Rongo et al., 1998). GLR-1::GFP puncta
in the ventral nerve cord colocalize with presynaptic
markers (synaptobrevin and a vesicular glutamate trans-
porter), indicating that a large fraction of the puncta
correspond to postsynaptic elements at sensory-inter-
neuron and interneuron-interneuron synapses (Burbea
et al., 2002; Rongo et al., 1998). In a visual screen for
mutants with increased abundance of GLR-1::GFP in
the ventral nerve cord, we isolated a mutation (nu412)
in the lin-23 gene (Figures 1C and 1D). LIN-23 is pre-
dicted to be the substrate binding subunit of an Skp1/
Cullin-1/F Box (SCF) ubiquitin ligase (Figure 1A) (Kip-
reos et al., 2000). The nu412 allele corresponds to a 1.5
kilobase deletion in the lin-23 coding region that de-
letes more than half the protein, including the seven
WD40 repeats predicted to be involved in substrate re-
cognition (Figure 1B). Similar changes in the distribu-
tion of GLR-1::GFP were observed in mutants carrying
the lin-23(e1883) nonsense mutation (W450STOP) (Kip-
reos et al., 2000), indicating that these changes were
caused by mutations in lin-23 (Figures 5A and 5C).
We measured the changes in GLR-1::GFP distribu-
tion in a 100 m region in the anterior part of the ventral
nerve cord by quantitative fluorescence microscopy
(Burbea et al., 2002). To estimate the amount of GLR-
1::GFP in each punctum, we measured the width and
maximal fluorescence intensity of each punctum using
custom-written software (Burbea et al., 2002). We
found that the average puncta intensity increased by
71% and puncta width by 98% in lin-23 mutants com-
pared to wild-type controls (Figure 1G). We also ana-
lyzed the distribution of GLR-1::GFP in a region just
posterior of the vulva and found significant increases
in both puncta intensity (by 15%) and width (by 58%).
To test whether LIN-23 regulates the abundance of
other synaptic proteins, we examined the distribution
of the synaptic scaffolding protein LIN-10/Mint1. LIN-10::
GFP, when expressed in glr-1 interneurons, is localizedto punctate structures in the ventral cord that likely cor-
respond to both pre- and postsynaptic sites (Okamoto
et al., 2000; Rongo et al., 1998; Stricker and Huganir,
2003) (Figure 1H). We found that LIN-10::GFP is not in-
creased in lin-23 mutants, suggesting that LIN-23 does
not regulate synaptic proteins in general (Figure 1H).
LIN-23 Acts Postmitotically in
GLR-1-Expressing Interneurons
Mutations in lin-23 were originally identified in a screen
for mutants that had extra cell divisions in several lin-
eages (Kipreos et al., 2000). Thus, it was possible that
the change in the distribution of GLR-1::GFP was
caused by changes in the pattern of cell divisions that
produce the ventral cord interneurons. We addressed
this possibility with several experiments. First, we
found that the number of neurons expressing GLR-
1::GFP was not altered in adult lin-23 mutants (data not
shown), suggesting that the lineage of these cells had
not been altered. Second, we showed that the changes
in puncta intensities and puncta widths were rescued
by driving expression of wild-type lin-23 cDNAs in the
ventral cord interneurons (Figures 1E and 1G). Con-
versely, expression of a dominant-negative form of LIN-
23 that lacks the F box domain, LIN-23(F), mimicked
the effects of lin-23 mutations on puncta intensity (45%
increase) and puncta width (63% increase) (Figures 1F
and 1G). Expression of the glr-1 promoter, which was
used to express these cDNA constructs, begins at the
3-fold stage of embryogenesis (Hart et al., 1995; Maricq
et al., 1995), after the birth of the ventral cord interneu-
rons (Sulston et al., 1983). Thus, LIN-23 acts in the ven-
tral cord interneurons, and its effects on the distribution
of GLR-1::GFP in these neurons can be reproduced by
selectively perturbing the function of LIN-23 in postmi-
totic cells. These results indicate that the effect of lin-
23 mutations on GLR-1::GFP are not a secondary con-
sequence of the changes in cell lineages in these mu-
tants.
In SCF ubiquitin ligase complexes, the F box domain
of F box proteins mediates the association with Skp1-
related subunits (Deshaies, 1999) (Figure 1A). Mutant
proteins lacking the F box domain are able to bind to
targets, but fail to associate with Skp1, Cullin, and E2
proteins. Therefore, the fact that deleting the F box
domain produced a dominant-negative defect in GLR-
1::GFP distribution is consistent with the idea that LIN-
23-mediated regulation of GLR-1 requires the associa-
tion of LIN-23 with endogenous Skp1-related proteins
and that LIN-23 functions as part of an SCF ubiquitin
ligase complex.
LIN-23 has previously been shown to be widely ex-
pressed in postembryonic animals, including many
neurons, muscle, and hypodermal cells (Mehta et al.,
2004). To confirm that LIN-23 is normally expressed in
the ventral cord interneurons, we examined the expres-
sion pattern of a lin-23 transcriptional reporter. We
found that this reporter construct was expressed in a
large number of neurons in the head ganglia, including
most if not all GLR-1-expressing neurons. Only a sub-
set of the GLR-1-expressing interneurons have pro-
cesses in the ventral cord. Of these, we found consis-
tent expression of LIN-23 in AVA, AVB, AVD, AVG, and
Neuron
54Figure 2. LIN-23 Is Expressed in Many Neu-
rons in the Head Ganglia
Nuclear localized GFP was expressed with
the lin-23 promoter (Plin-23::NLS-GFP). The
red fluorescent protein was expressed with
the glr-1 promoter (Pglr-1::RFP). Merged
images are shown in the right column. Coex-
pression of GLR-1 (left) and LIN-23 (middle)
was observed in RMDV, RMD, RMDD, AVA,
SMDD, AVB, and AVD (top row); PVC (middle
row); and RIG and AVG (bottom row). LIN-23
expression was also observed in AVE and
RIM in a subset of animals (data not shown).PVC (Figure 2), while expression in AVE was observed a
1in a subset of animals. Taken together, these results
indicate that LIN-23 acts postmitotically in ventral cord c
einterneurons to control the abundance of GLR-1::GFP
in the ventral cord. b
d
u
cSCFLIN-23 Does Not Regulate the Expression
of the glr-1 Promoter (
1One potential explanation for our results is that the
sSCFLIN-23 ligase regulates transcription of the glr-1
dgene. In this scenario, the increased abundance of
tGLR-1::GFP observed in lin-23 mutants would be a
pconsequence of increased expression of the glr-1 pro-
3moter. We tested this possibility by measuring the
uabundance of glr-1 mRNA using real-time PCR and
sfound that lin-23 mutations did not significantly alter
ethe expression of GLR-1. The glr-1 mRNA level in wild-
vtype animals was 1.00 ± 0.04 (mean ± standard error,
sn = 8) and 1.03 ± 0.09 (n = 8) in animals expressing
ldominant-negative LIN-23(F) (both normalized to act-1
oactin mRNA, see Experimental Procedures). Therefore,
changes in the expression of glr-1 are unlikely to ex-




Clathrin-Mediated Endocytosis Is Required v
for LIN-23-Mediated Regulation of GLR-1::GFP G
GLR-1 receptors found at synapses are likely to be de- M
rived from a pool of recycling receptors undergoing d
exocytosis, endocytosis, and postendocytic degrada- 0
tion, as has been shown for mammalian AMPA recep- (
tors (Malinow and Malenka, 2002; McGee and Bredt, m
2003; Sheng and Kim, 2002; Song and Huganir, 2002). p
Consistent with this idea, the ventral cord abundance 0
of GLR-1::GFP is regulated by clathrin-mediated endo- 
cytosis, and ubiquitination of GLR-1 promotes endo- a
Scytic removal from postsynaptic elements (Burbea etl., 2002) (Figure 3A, B). If the accumulation of GLR-
::GFP at synapses in lin-23 mutants was caused by a
hange in recycling of GLR-1, then mutations that block
ndocytosis and thereby recycling of GLR-1 should
lock the effects of the SCFLIN-23 on GLR-1::GFP. To
isrupt endocytosis, we used strains containing an
nc-11 mutation. The unc-11 gene encodes AP180, a
lathrin adaptin protein that is required for endocytosis
Burbea et al., 2002; Kirchhausen, 1999; Nonet et al.,
999; Zhang et al., 1998). We found that puncta inten-
ity and puncta width in unc-11 AP180; LIN-23(F)
ouble mutants were not significantly different from
hose in LIN-23(F)-expressing animals (p = 0.29 and
= 0.11, Kolmogorov-Smirnov test, respectively) (Figures
C–3F). Failure to observe additivity of the LIN-23(F) and
nc-11 AP180 phenotypes is unlikely to simply be a
aturation or detection problem, as other mutants have
ven more extreme accumulations of GLR-1::GFP in the
entral cord (Figure 5). Taken together, these results
uggest that the increased puncta fluorescence in
in-23mutants was caused by a change in the recycling
f GLR-1.
in-23 Mutations Partially Suppress Ubiquitin-
nduced Decreases in the Number
f GLR-1-Containing Synapses
verexpression of Myc-tagged ubiquitin (MUb) in the
entral cord interneurons decreased the intensity of
LR-1::GFP at synapses (wt: 10.2 ± 0.3 F/F, n = 58;
Ub: 2.4 ± 0.16, n = 43; p < 0.001) and decreased the
ensity of GLR-1::GFP puncta (wt: 2.66 ± 0.08; MUb:
.56 ± 0.04 punta/10 m; p < 0.001) in the ventral cord
Burbea et al., 2002). We found that the lin-23(nu412)
utation significantly reduced the effect of MUb on
uncta intensity (lin-23; MUb: 9.9 ± 0.4, n = 52; p <
.001) and density (lin-23; MUb 2.09 ± 0.07 puncta/10
m; p < 0.001) (Figure S1 in the Supplemental Data
vailable with this article online). This suggests that the
CFLIN-23 is one of the E3 ligases responsible for the
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Required for LIN-23-Mediated Regulation of
GLR-1::GFP
GLR-1::GFP was imaged in the anterior ven-
tral cord of wild-type (A), unc-11 AP180 (B),
wild-type expressing dominant-negative
LIN-23(F) (C), and unc-11; LIN-23(F) double
mutants (D). The distribution of GLR-1::GFP
puncta was quantified by measuring puncta
intensity (F/F) and puncta width (m) of n =
32 wt, n = 36 unc-11, n = 23 LIN-23(F), and
n = 26 unc-11; LIN-23(F) animals (E). (F) The
distribution of puncta widths from wild-type
animals expressing dominant-negative LIN-
23(F) and unc-11; LIN-23(F) double mu-
tants was compared. The y axis indicates
the fraction of animals that have a width
smaller than the corresponding value on the
x axis. These distributions did not differ sig-
nificantly (p = 0.11, Kolmogorov-Smirnov test).
Scale bar is 10 m, error bars represent
standard errors of the mean (SEM), and val-
ues that differ significantly from wild-type
controls (Student’s t test) are indicated as
follows: *p < 0.01 or **p < 0.001.ubiquitin-induced changes in the distribution of GLR-
1::GFP. The effects of the SCFLIN-23 on GLR-1::GFP
could be caused by changes in the ubiquitination of
GLR-1 or changes in the ubiquitination of other pro-
teins.
GLR-1 Is Not a Direct Target of the SCFLIN-23 Ligase
We performed several experiments to test the possi-
bility that GLR-1 is a direct target of SCFLIN-23. First, we
compared the abundance of ubiquitin-GLR-1 (Ub-
GLR-1) conjugates in lin-23 mutants to those observed
in wild-type controls. Ub-GLR-1 conjugates can be de-
tected with a double-immunoprecipitation protocol,
using sequential reactions with anti-GFP and anti-
ubiquitin antibodies (Burbea et al., 2002). We found that
the abundance of Ub-GLR-1 conjugates in animals ex-
pressing the dominant-negative LIN-23(F) transgene
was not different from that observed in wild-type ex-
tracts (Figure 4G). This result indicates that SCFLIN-23 is
not required for the formation of Ub-GLR-1 conjugates.
Ub-GLR-1 conjugates are likely to turn over rapidly;
consequently, our immunoprecipitation protocol may
be somewhat insensitive to changes in the rate of
ubiquitination. Therefore, we did additional experi-
ments to determine whether SCFLIN-23 mediates its ef-
fects via changes in ubiquitination of GLR-1. Ubiquitinis conjugated to target proteins by forming isopeptide
bonds with lysine residues. GLR-1 receptors have a to-
tal of four lysine residues in cytosolic domains. We pre-
viously showed that a mutant receptor in which all four
lysine residues have been converted to arginine, GLR-
1(4KR), cannot be ubiquitinated and accumulates at
synapses in the ventral nerve cord (Burbea et al., 2002)
(Figures 4A and 4B). If GLR-1 was a target of the
SCFLIN-23 ligase, we would expect that GLR-1(4KR) and
lin-23 mutations would have very similar effects on
these synapses. We tested this prediction by analyzing
two double mutants.
First, if SCFLIN-23-mediated changes in the abun-
dance of GLR-1::GFP were caused by changes in the
ubiquitination of GLR-1, then we would expect that
mutations that prevent ubiquitination of GLR-1 would
block the effect of lin-23 mutations. Contrary to this,
we found that puncta intensities of lin-23; GLR-1(4KR)
double mutants were significantly greater than those
observed in GLR-1(4KR) single mutants (Figures 4B–
4F). Thus, the GLR-1(4KR) and lin-23mutations had ad-
ditive effects on the distribution of GLR-1::GFP.
Second, as noted above, lin-23 mutations prevented
the decrease in the density of GLR-1::GFP puncta
caused by overexpression of MUb (Figure S1). In con-
trast, we previously showed that expression of GLR-
Neuron
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SCFLIN-23 Ligase
GLR-1::GFP was imaged in the anterior ven-
tral cord of wild-type (A), wild-type express-
ing GLR-1(4KR)::GFP (B), lin-23 (e1883) (C),
and lin-23; GLR-1(4KR) double mutants (D).
The abundance of GLR-1::GFP and GLR-
1(4KR) puncta was quantified by measuring
the puncta intensities and puncta widths of
n = 32 wt, n = 21 GLR-1(4KR), n = 13 lin-
23(e1883), and n = 18 lin-23; GLR-1(4KR) ani-
mals (E). (F) The distribution of puncta inten-
sities of animals expressing GLR-1(4KR) was
significantly lower than those observed in
lin-23; GLR-1(4KR) double mutants (p < 0.01,
Kolmogorov-Smirnov test). (G) Ubiquitinated
GLR-1::GFP (Ub-GLR-1) was detected from
membrane fractions of wild-type and LIN-
23(F)-expressing animals by first immuno-
precipitating all GLR-1::GFP with anti-GFP
antibodies (1st IP), followed by an immuno-
precipitation with anti-ubiquitin antibodies
(2nd IP). Immunoprecipitations were ana-
lyzed by Western blotting with anti-GFP anti-
bodies. Fifty times more material was loaded
for the 2nd IP compared to the 1st IP. The
unmodified GLR-1 band in the 2nd IP repre-
sents a small fraction of the total GLR-1 (less
than 0.5%) that nonspecifically precipitates
during the 2nd IP (data not shown). Scale bar
is 10 m, error bars represent standard er-
rors of the mean (SEM), and values that differ
significantly from wild-type controls (Student’s
t test) are indicated as follows: *p < 0.01 or
**p < 0.001.1(4KR) did not block the ubiquitin-induced decrease in (
Mpuncta density (Burbea et al., 2002). Taken together,
these results support the idea that GLR-1 is not a direct 2
ftarget of the SCFLIN-23 ligase and that the effects of
SCFLIN-23 on GLR-1-containing synapses are mediated g
pby ubiquitination of other target proteins.
O
(SCFLIN-23 Regulates bar-1 -Catenin
through Ubiquitination t
eThe targets of lin-23 that are involved in cell cycle regu-
lation have not been identified in C. elegans. To identify W
opotential targets, we relied on the fact that LIN-23 is
more similar to β-TrCP (45% identical to mouse) than
eany other C. elegans F box protein (Kipreos et al., 2000).
β-TrCP is an F box protein that is known to target sev- l
Weral proteins for destruction, including β-catenin (Fuchs
et al., 1999; Winston et al., 1999). β-catenin plays a role p
tin both intercellular adhesion, via its interactions with
cadherins, and in Wnt signaling (Daniels et al., 2001; t
dNelson and Nusse, 2004). Several recent studies have
suggested that both cadherins and Wnts play an impor- c
otant role in regulating synapse structure and functionBamji et al., 2003; Hall et al., 2000; Krylova et al., 2002;
urase et al., 2002; Packard et al., 2002; Togashi et al.,
002). Therefore, we tested whether β-catenin was a
unctionally relevant target of SCFLIN-23. The C. elegans
enome contains three genes that encode β-catenin
roteins (bar-1, wrm-1, and hmp-2) (Korswagen, 2002).
f these, only bar-1 β-catenin has a sequence motif
DSGFQT) similar to the consensus sequence DSGxxS
hat has been defined for recognition by β-TrCP (Fuchs
t al., 1999; Korswagen et al., 2000; Suzuki et al., 1999;
inston et al., 1999); therefore, we focused our efforts
n bar-1 β-catenin.
If BAR-1 β-catenin is a target of SCFLIN-23, we would
xpect that LIN-23 would bind to BAR-1, and that
in-23 mutations would prevent ubiquitination of BAR-1.
e find that BAR-1 and LIN-23 efficiently coimmuno-
recipitate when expressed in HEK293 cells, indicating
hat LIN-23 can bind to BAR-1 (Figure 5A). Next, we
ested whether BAR-1 is ubiquitinated in a LIN-23-
ependent manner. To facilitate detection of ubiquitin
onjugates, we expressed a myc-tagged, mutant form
f ubiquitin containing a mutation that inhibits forma-
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SCFLIN-23 Ligase
(A) HA-tagged LIN-23 was expressed with
(lane 1) or without (lane 2) FLAG-tagged
BAR-1 in HEK293 cells (upper panels). Cell
lysates were immunoprecipitated with anti-
FLAG antibodies and analyzed by Western
blotting with anti-HA antibodies (lower panel).
A significant fraction of HA-LIN-23 specifi-
cally coimmunoprecipitates with FLAG-
BAR-1.
(B) GFP-tagged BAR-1 and MUb(K48R) were
expressed in GLR-1-expressing interneurons
with (lanes 2, 5) or without (lanes 1, 3, 4)
dominant-negative LIN-23(F). MUb-BAR-1::
GFP conjugates were detected by immuno-
precipitation with anti-GFP antibodies fol-
lowed by Western blotting with anti-myc an-
tibodies (lanes 3, 4, 5). In a control reaction,
the anti-GFP antibodies were pre-blocked
with recombinant GFP (lane 4). Expression of
dominant-negative LIN-23(F) reduces ubiqui-
tination of BAR-1 (lane 5).
(C–E) BAR-1::GFP was imaged in the anterior
ventral nerve cord of wild-type (C) and lin-
23(nu412) mutants (D). The distribution of
BAR-1::GFP puncta was quantified by meas-
uring the intensity of diffuse (i.e., interpunc-
tal) fluorescence in the ventral cord (cord in-
tensity, F/F), puncta density (puncta/10
m), and puncta intensity (F/F) of n = 26 wt
and n = 31 lin-23 animals (E). Scale bar is 10
m, error bars represent standard errors of
the mean (SEM), and values that differ signif-
icantly from wild-type controls (Student’s t test) are indicated as follows: *p < 0.01 or **p < 0.001.
(F) The localization of BAR-1::GFP to a cytosolic and membrane fraction was determined by subcellular fractionation of wild-type animals
and animals expressing dominant-negative LIN-23(F), followed by Western blotting with anti-GFP antibodies. The protein concentration in
the cytosol preparations from wild-type and mutant animals was used for normalization and equal fractions of membranes and cytosol were
loaded. Results were quantified and are shown as the means and standard errors (n = 4).tion of polyubiquitin chains [MUb(K48R)] and thereby
prevents degradation of ubiquitin conjugates, and a
GFP-tagged BAR-1 (BAR-1::GFP) in GLR-1-expressing
interneurons. BAR-1::GFP was previously reported to
rescue bar-1 mutant defects in vulva development
(Eisenmann et al., 1998), indicating that this chimeric
protein retains β-catenin function. We found that BAR-
1::GFP was ubiquitinated in interneurons and that this
ubiquitination was strongly reduced by expression of
the dominant-negative LIN-23(F) (Figure 5B). Taken
together, these results support the idea that LIN-23 is
the C. elegans ortholog of β-TrCP and that the β-cat-
enin BAR-1 is one of its targets.
To further investigate how LIN-23 regulates BAR-1,
we analyzed the distribution of BAR-1::GFP in lin-23
mutants. BAR-1::GFP expressed with the glr-1 pro-
moter was localized in punctate structures in the ven-
tral nerve cord (Figure 5C). BAR-1 puncta did not colo-
calize with GLR-1::GFP puncta (data not shown),
suggesting that the punctate structures containing
BAR-1 were unlikely to be postsynaptic elements. We
found that lin-23 mutations had two effects on the dis-
tribution of BAR-1::GFP in the ventral cord. The level of
diffuse (i.e., interpunctal) BAR-1::GFP in the ventral
cord and the density of puncta were significantly higher
in lin-23mutants than in wild-type controls (Figures 5C–
5E; 23% and 40% increase, respectively), whereas the
puncta intensity did not change significantly. To moredirectly measure the effects of lin-23 on the subcellular
localization of BAR-1, we fractionated C. elegans ex-
tracts expressing BAR-1::GFP into a membrane and cy-
tosol fraction. We found that in wild-type animals the
majority of BAR-1::GFP is found in the membrane frac-
tion. In lin-23(F) mutants, there was a 3- to 4-fold in-
crease in the cytosolic pool of BAR-1::GFP compared
to wild-type controls (Figure 5F). These results indicate
that the SCFLIN-23 ligase regulates a cytosolic pool of
BAR-1, as would be predicted if BAR-1 were a sub-
strate of the SCFLIN-23 ligase.
Endogenous bar-1 -Catenin Is Required
for SCFLIN-23-Mediated Regulation of GLR-1::GFP
The preceding results support the idea that SCFLIN-23
regulates the stability of the cytoplasmic pool of bar-1
β-catenin. To test the idea that changes in the stability
of bar-1 β-catenin are required for SCFLIN-23-mediated
changes in GLR-1::GFP, we examined mutants that lack
the endogenously expressed bar-1 β-catenin. Null mu-
tations in bar-1 β-catenin, i.e., bar-1(lf) mutations, were
previously identified based on defects in vulva develop-
ment and cell migrations (Eisenmann et al., 1998; Ma-
loof et al., 1998). We found that the width of GLR-1::
GFP puncta was not significantly altered in bar-1(lf)mu-
tants but that there was a trend toward reduced puncta
intensities (12% decrease; p = 0.04, Kolmogorov-Smir-







































bFigure 6. Endogenous bar-1 β-Catenin Is Required for SCFLIN-23-
Mediated Regulation of GLR-1::GFP a
GLR-1::GFP was imaged in the anterior ventral cord of wild-type E
(A), bar-1 β-catenin mutants (B), lin-23 (nu412) mutants (C), and s
bar-1; lin-23 double mutants (D). Mean puncta intensity (F/F) and
mpuncta width (m) of n = 32 wt, n = 30 bar-1, n = 37 lin-23, and n = β50 bar-1; lin-23 animals are reported in (E). (F) The distribution of
puncta intensities and puncta widths of lin-23(nu412)mutants were s
significantly greater than those observed in bar-1; lin-23 double t
mutants (p < 0.001 and p < 0.01 Kolmogorov-Smirnov test, respec-
tively). Scale bar is 10 m, error bars represent standard errors of s
the mean (SEM), and values that differ significantly from wild-type




sdistribution of GLR-1::GFP in lin-23 single mutants with
bar-1; lin-23 double mutants. We found that the in- 7
mcreases in puncta intensities and widths observed in
lin-23 mutants were significantly reduced in bar-1; lin- p
t23 double mutants (22% decrease, p < 0.001, and 17%
decrease, p < 0.01, respectively, Kolmogorov-Smirnov r
test, Figures 6C–6F). Based on these results, we esti-
mate that BAR-1 accounts for 44% of the LIN-23 effect s
aon puncta intensity and 31% of its effect on puncta
widths. These results suggest that bar-1 β-catenin is cne of the SCFLIN-23 targets that is responsible for regu-
ating the distribution of GLR-1::GFP, but that other
argets contribute to this effect.
xpression of Stabilized bar-1 -Catenin Increases
he Synaptic Abundance of GLR-1::GFP
ince it is likely that the SCFLIN-23 ligase regulates the
tability of several target proteins in addition to bar-1
-catenin, we wanted to test whether changes in the
tability of bar-1 β-catenin were sufficient to cause
hanges in the distribution of GLR-1::GFP. We tested
his idea by expressing a mutant form of BAR-1 in
hich the DSGxxS/T consensus sequence had been
utated to DAGxxA [BAR-1(2A)]. This mutation pre-
ents phosphorylation of β-catenin and its subsequent
egradation by SCFβ-TrCP (Hart et al., 1999). We found
hat GLR-1::GFP puncta intensities and widths were
ignificantly increased in animals expressing BAR-1(2A)
ompared to wild-type controls (by 40% and 24%,
espectively, Figures 7A–7C). These results demon-
trate that expression of a stabilized form of BAR-1 is
ufficient to cause an increase in the abundance of
LR-1::GFP in the ventral cord.
LR-1::GFP Is Regulated by a Wnt
ignaling Pathway
-catenin participates in cadherin-mediated intercellu-
ar adhesion and in Wnt signaling as a transcription
actor (Nelson and Nusse, 2004). In principle, the ef-
ects of SCFLIN-23 and BAR-1 on GLR-1 could be ex-
lained by both of these functions. In Wnt signaling,
-catenin promotes transcription of Wnt target genes
Cadigan and Nusse, 1997; Miller and Moon, 1996). In
he absence of Wnt ligands, β-catenin is found as a
omplex with axin, the adenomatous polyposis coli
APC) protein, and GSK3β, which together form the de-
truction complex. In the destruction complex, GSK3β
hosphorylates the β-catenin DSGxxS consensus se-
uence (Peifer et al., 1994a; Yost et al., 1996). β-TrCP
inds to and ubiquitinates phosphorylated β-catenin
nd targets it for degradation by the proteasome.
xposure to Wnt ligands inhibits the activity of the de-
truction complex, thereby stabilizing the cytoplas-
ic pool of unphosphorylated β-catenin. Cytoplasmic
-catenin subsequently associates with TCF/Lef tran-
cription factors in the nucleus and promotes transcrip-
ion of Wnt target genes.
To test whether GLR-1::GFP is regulated by a Wnt
ignaling pathway, we analyzed the distribution of GLR-
::GFP in mutants lacking GSK3β and TCF/Lef. The
. elegans ortholog of GSK3β is encoded by the gsk-3
ene (Schlesinger et al., 1999). As predicted, we found
hat GLR-1::GFP puncta intensities and widths were
ignificantly increased in gsk-3 mutants (Figures 7D–
F). The increase in GLR-1::GFP observed in gsk-3
utants was similar to that observed in animals ex-
ressing stabilized BAR-1(2A), consistent with the idea
hat GSK3β is required for LIN-23- and BAR-1-mediated
egulation of GLR-1.
The C. elegans TCF homolog POP-1 is involved in
everal Wnt signaling processes (Herman, 2001; Lin et
l., 1998). The distribution of GLR-1::GFP in the ventral
ord was not altered in pop-1 single mutants (Figures
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Synaptic Abundance of GLR-1::GFP
GLR-1::GFP was imaged in the anterior ventral cord of wild-type
animals (A), and wild-type animals expressing stabilized BAR-1(2A)
under the control of the glr-1 promoter (B). Mean puncta intensity
(F/F) and puncta width (m) of n = 53 wt and n = 66 BAR-1(2A)
animals are reported in (C). GLR-1::GFP was imaged in wild-type
(D) and glycogen synthase kinase-3β (gsk-3) mutants (E). Mean
puncta intensity (F/F) and puncta width (m) of n = 21 wt and n =
21 gsk-3 animals are reported in (F). The image acquisition settings
in (A) and (B) were different from (D) and (E). Scale bar is 10 m,
error bars represent standard errors of the mean (SEM), and values
that differ significantly from wild-type controls (Student’s t test) are
indicated as follows: *p < 0.01 or **p < 0.001.8A, 8B, and 8E). However, pop-1 mutants significantly
decreased the increase of GLR-1::GFP puncta intensity
in animals expressing dominant-negative LIN-23(F)
(Figures 8C–8E). Thus, pop-1 mutations, like bar-1 mu-
tations, partially suppress the increase of GLR-1::GFP
in lin-23 mutants. Unlike bar-1, the pop-1 mutation did
not suppress the increased puncta widths of lin-23 mu-
tants. One potential explanation for this difference is
that the effects of bar-1 were measured using lin-23
loss-of-function alleles, whereas those of pop-1 were
measured using the dominant-negative LIN-23(F)
transgene. As GSK3β, BAR-1 β-catenin, and POP-1 all
regulate the distribution of GLR-1::GFP, our results sug-
gest that a Wnt signaling pathway regulates the abun-Figure 8. pop-1 TCF Is Required for SCFLIN-23-Mediated Regulation
of GLR-1::GFP
GLR-1::GFP was imaged in the anterior ventral cord of wild-type
(A), pop-1 TCF mutants (B), wild-type animals expressing domi-
nant-negative LIN-23(F) (C), and pop-1; LIN-23(F) double mu-
tants (D). Mean puncta intensity (F/F) and puncta width (m) of
n = 30 wt, n = 30 pop-1, n = 44 LIN-23(F), and n = 41 pop-1; LIN-
23(F) animals are reported in (E). Scale bar is 10 m, error bars
represent standard errors of the mean (SEM), and values that differ
significantly from wild-type controls (Student’s t test) are indicated
as follows: *p < 0.01 or **p < 0.001.dance of GLR-1 through changes in the expression of
one or more Wnt target genes. Proof of this idea will
require identification of the relevant Wnt ligands and re-
ceptors.
Discussion
Changes in the structure of pre- and postsynaptic ele-
ments are thought to underlie many forms of synaptic
plasticity. These structural rearrangements consist of
changes in the abundance of specific pre- and post-
synaptic proteins. Several mechanisms for producing
these changes have been proposed, including local
synthesis of new proteins, insertion and removal of pro-
teins by intracellular trafficking or lateral diffusion, and
changes in the stability of proteins. Over the past few
years, several papers have implicated ubiquitin-medi-
ated protein degradation in synaptic plasticity (Cline,
2003; Ehlers, 2003; Hegde and DiAntonio, 2002; Mur-
phey and Godenschwege, 2002). We previously re-
ported that the abundance of GLR-1::GFP in the ventral
cord is regulated by ubiquitination of GLR-1 itself and
by ubiquitination of other unidentified proteins (Burbea
Neuron
60et al., 2002; Juo and Kaplan, 2004). In most of these B
acases, the ubiquitin ligases involved in these processes
are not known. Identification of the relevant ubiquitin s
tligases is complicated by the vast number of these li-
gases that are encoded in a given genome. For exam- p
Gple, the C. elegans genome encodes a total of 225 pro-
teins that contain RING, HECT, U box, or PHD domains.
sPrior studies showed that the anaphase-promoting
complex regulates the synaptic abundance of gluta- a
amate receptors in both flies and worms (Juo and
Kaplan, 2004; van Roessel et al., 2004). Here we identify l
Ian SCF complex containing LIN-23 as one of the ubiq-
uitin ligases regulating GLR-1. d
sMutations in lin-23 were previously identified as mu-
tations that cause supernumerary cell divisions in sev- f
feral postembryonic lineages (Kipreos et al., 2000; Kip-
reos et al., 1996). LIN-23 was recently shown to play a β
arole in axon pathfinding, and many neurons in lin-23
mutants have extra or misguided processes (Mehta et c
val., 2004). One potential interpretation of our results
was that the alterations in the distribution of GLR-1:: β
oGFP were a secondary consequence of changes in the
cell cycle or axon morphologies caused by the lack of P
tSCFLIN-23 activity. Several results argue against this
possibility. First, we found no evidence that the lin- h
ceages producing the ventral cord neurons, nor the axo-
nal morphologies of these interneurons were altered by t
slin-23 mutations. Second, several results suggest that
LIN-23 acts cell autonomously in the ventral cord inter- u
neurons to regulate GLR-1. The increased abundance
of GLR-1 in lin-23 mutants was rescued by wild-type H
tLIN-23 and was mimicked by expression of a dominant-
negative LIN-23 or a stabilized form of BAR-1 in post- W
amitotic ventral cord interneurons. Furthermore, the LIN-
23 promoter is expressed in most, and perhaps all of (
athe ventral cord interneurons. Therefore, the accumula-
tion of GLR-1::GFP in the ventral cord cannot be ex- t
βplained by changes in the pattern of cell divisions or
axonal morphologies of other cells. Third, the abun- (
bdance of another synaptic protein, LIN-10::GFP, in the
ventral cord was not increased in lin-23 mutants. If the r
hincrease in abundance of GLR-1::GFP was a conse-
quence of altered synaptic connectivity, one would ex- t
cpect other synaptic proteins to be equally impacted in
lin-23 mutants. Consequently, we favor the model that c
(LIN-23 regulates some aspect of the intracellular traf-
ficking of GLR-1 receptors. t
aSeveral results suggest that GLR-1 is not a direct
target of SCFLIN-23. The abundance of ubiquitin-GLR-1 j
cconjugates was not altered in lin-23 mutants. Further-
more, comparison of lin-23 mutants with GLR-1(4KR) y
bmutants suggested that SCFLIN-23 does not act directly
on GLR-1. β-TrCP, the mammalian F box protein most i
Msimilar to LIN-23, is known to target β-catenin for deg-
radation. We found that BAR-1 β-catenin is one of the a
ttargets of LIN-23 responsible for accumulation of GLR-1
in the ventral nerve cord. LIN-23 binds to BAR-1 when a
mboth are expressed in tissue culture cells. Ubiquitina-
tion of BAR-1 in transgenic worms is greatly reduced
vby expression of the dominant-negative form of LIN-23.
The bar-1 mutation significantly reduced the effect of c
tlin-23 mutations on puncta intensities and puncta
widths, and overexpression of stabilized BAR-1 mim- a
iicked the effect of lin-23 mutations on GLR-1::GFP.
These results suggest that regulated degradation ofAR-1, mediated by SCFLIN-23 and GSK3β activities, is
mechanism to regulate the abundance of GLR-1 at
ynapses. BAR-1 is probably not the only SCFLIN-23
arget, as bar-1(lf) mutations reduced but did not com-
letely eliminate the effects of lin-23 mutations on
LR-1::GFP.
Two recent papers document a role for β-catenin in
ynapse structure and synaptic transmission (Bamji et
l., 2003; Murase et al., 2002). In one study (Bamji et
l., 2003), a conditional knockout of β-catenin was ana-
yzed both in acute slices and in dissociated neurons.
n the second study (Murase et al., 2002), the abun-
ance of β-catenin at postsynaptic elements was
hown to be activity dependent. Both of these studies
ind significant changes in presynaptic structure and
unction following β-catenin manipulations. Decreased
-catenin resulted in decreased abundance of presyn-
ptic markers, decreased FM4-64 labeling, and a de-
rease in the size of the reserve pool of synaptic
esicles. Electrophysiological studies indicated that
-catenin manipulations primarily altered the function
f the presynaptic terminal. One study found that
SD95/SAP90 levels at postsynaptic elements were al-
ered by β-catenin manipulations (Murase et al., 2002);
owever, the second study did not detect significant
hanges in PSD95 (Bamji et al., 2003). Our results show
hat BAR-1 regulates the abundance of GLR-1 at post-
ynaptic elements and that the activity of BAR-1 is reg-
lated by LIN-23-mediated degradation.
C. elegans has three isoforms of β-catenins (BAR-1,
MP-2, and WRM-1). It has been proposed that the
hree worm β-catenins have functionally diverged, with
nt signaling functions performed by BAR-1 and WRM-1
nd cadherin-based adhesion mediated by HMP-2
Korswagen, 2002; Korswagen et al., 2000; Natarajan et
l., 2001). This functional divergence may account for
he relatively greater sequence divergence of the worm
-catenins compared to those found in other organisms
20%–30% identity) (Natarajan et al., 2001). BAR-1 has
iochemical and genetic properties consistent with a
ole in Wnt signaling but lacks those required for cad-
erin-mediated adhesion. BAR-1 interacts with POP-1,
he TCF transcription factor responsible for Wnt-induced
hanges in gene expression, and the BAR-1/POP-1
omplex activates transcription of Wnt target genes
Korswagen et al., 2000; Natarajan et al., 2001). By con-
rast, BAR-1 fails to interact with N-cadherin (HMR-1)
nd α-catenin (HMP-1) (Korswagen et al., 2000; Natara-
an et al., 2001). BAR-1 is the only worm β-catenin that
ontains the consensus sequence for GSK-3 phosphor-
lation and for binding to β-TrCP. Mutants lacking
ar-1 β-catenin have developmental defects character-
stic of Wnt signaling mutants (Eisenmann et al., 1998;
aloof and Kenyon, 1998) but lack phenotypes associ-
ted with decreased cadherin-mediated adhesion, e.g.,
hose observed in hmp-2 β-catenin mutants (Costa et
l., 1998). These studies support the idea that BAR-1
ediates transcriptional responses of Wnt signaling.
Several results suggest that SCFLIN-23 regulates GLR-1
ia a Wnt signaling pathway. SCFLIN-23 destabilizes the
ytoplasmic pool of BAR-1, which is the pool of β-catenin
hat participates in Wnt signaling. The increase in the
bundance of cytoplasmic BAR-1 in animals express-
ng dominant-negative LIN-23(F) is similar to the sta-
bilization of cytoplasmic β-catenin observed in flies in
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61response to Wnt signaling (Peifer et al., 1994b; van
Leeuwen et al., 1994). We find that lin-23 and gsk-3 loss-
of-function mutations, or expression of stabilized BAR-1,
all predicted to result in constitutive Wnt signaling,
caused increased accumulation of GLR-1::GFP in the
ventral cord. By contrast, bar-1 β-catenin and pop-1
TCF/Lef loss-of-function mutations, both predicted to
decrease Wnt signaling, significantly decreased the ac-
cumulation of GLR-1::GFP in lin-23 mutants. These re-
sults suggest that SCFLIN-23 regulates GLR-1 in part
through transcription of Wnt target genes. Since glr-1
mRNA is not increased in animals expressing domi-
nant-negative LIN-23(F) and the levels of GLR-1::GFP
at synapses are not decreased in bar-1 or pop-1 single
mutants, glr-1 is unlikely to be a target gene of the
BAR-1/POP-1 complex. Interestingly, several recent pa-
pers have also suggested a role for Wnt signaling in
synapse formation and plasticity (Hall et al., 2000; Kry-
lova et al., 2002; Packard et al., 2002).
However, our results do not exclude the possibility
that changes in BAR-1/cadherin-mediated adhesion
also regulate the abundance of GLR-1::GFP in the ven-
tral cord. Cadherins are localized at synapses, and dis-
ruption of their adhesion function affects synapse for-
mation and function (Bozdagi et al., 2000; Tang et al.,
1998; Togashi et al., 2002). Since E-cadherin and TCF/
Lef bind competitively to β-catenin (Daniels et al.,
2001), it is likely that the cytoplasmic pool of β-catenin
is in equilibrium with a membrane-bound cadherin-
associated pool. Thus, it has been proposed that Wnt
signaling and cadherin-based adhesion interact with
each other via changes in β-catenin-containing com-
plexes (Nelson and Nusse, 2004). Consistent with such
a proposal, exposure to Wnt ligands can result in in-
creased association of β-catenin with N-cadherin and
increased cell adhesion (Bradley et al., 1993; Hinck et
al., 1994). Dendritic branching of cultured hippocampal
neurons is regulated by a Wnt pathway that does not
involve the transcriptional activity of β-catenin, but re-
quires increased β-catenin/cadherin complex formation
(Yu and Malenka, 2003). Thus, stabilization of β-catenin
is likely to have effects on both Wnt signaling and cad-
herin-based adhesion.
The underlying cell biological mechanism that leads
to the increased abundance of GLR-1::GFP in the ven-
tral cord in lin-23 mutants could be an alteration in the
rates of anterograde or retrograde transport between
the cell body and synapses, or in the rates of local re-
cycling of GLR-1 between the plasma membrane and
postendocytic organelles in the ventral cord. Our re-
sults suggest that the effects of SCFLIN-23 on GLR-
1::GFP require membrane recycling at synapses, as
mutations that block clathrin-mediated endocytosis oc-
clude the effects of the lin-23 mutations. It is possible
that one or more BAR-1/POP-1 target genes regulate
some aspect of GLR-1 recycling, e.g., the insertion of




The following strains and mutants were used in this study: nuIs24
GLR-1::GFP [Pglr-1::GLR-1::GFP], nuIs112 dominant-negative LIN-
23 [Pglr-1::LIN-23(F)], nuIs89 myc-tagged ubiquitin (MUb) [Pglr-1::MUb], nuIs108 GLR-1(4KR) [Pglr-1::GLR-1(4KR)], nuIs142 BAR-1::
GFP [Pglr-1::BAR-1::GFP], nuEx873 stabilized BAR-1 [Pglr-1::BAR-
1(2A)], nuEx467 rescuing LIN-23 [Pglr-1::LIN-23], nuEx976 lin-23
promoted nuclear GFP [Plin-23::NLS-GFP-lacZ] and glr-1 promoted
dsRed2 [Pglr-1::dsRed2], nuEx1009 [Pglr-1::LIN-10::GFP], nuEx1191
[Pglr-1::MUb(K48R)], lin-23(nu412 and e1883), unc-11(e47), pop-1
(q645)/hT2[qIs48], gsk-3(nr2047)/hIn1(unc-54) (kindly provided by
Y. Bei and C. Mello), bar-1(ga80). The gsk-3(nr2047) mutation was
isolated by Axys Pharmaceuticals (South San Francisco, CA) (Liu
et al., 1999).
Fluorescence Microscopy and Quantitation
Animals were immobilized with 2,3-butanedione monoxamine (30
mg/mL; Sigma) before imaging. Digital images of young adult ani-
mals were acquired and processed using Metamorph 4.5 software
(Universal Imaging) as described (Burbea et al., 2002). Acquisition
times were 40 ms (Figures 1 and 8), 25 ms (Figures 3, 4, and 6),
and 30 ms (Figure S1). Intensity values were normalized to the
background fluorescence of each slide. Puncta intensities, cord in-
tensities, puncta widths, and puncta densities were measured
within 60–70 m of the ventral nerve cord posterior to the RIG neu-
ron cell bodies using custom-written software (Burbea et al., 2002).
All values reported in the figures are means ± SEM. Statistical signi-
ficance was determined using the Student’s t test and the Kolmo-
gorov-Smirnov test, as indicated.
Real-Time PCR
Total RNA was isolated from wild-type and animals expressing
dominant-negative LIN-23(F) by homogenization in Trizol. Relative
levels of glr-1 mRNA from two independent preparations of each
strain were obtained by real-time PCR (iCycler, Bio-Rad), according
to the manufacturer’s specifications. The relative levels of glr-1
mRNA in each preparation were normalized to the levels of act-1
actin mRNA in each preparation, where the glr-1/act-1 ratio in wild-
type was set to 1.
Transgenes and Germline Transformation
Transgenic strains were isolated by microinjection of various plas-
mids (50 ng/l) using either Pttx-3::GFP (O. Hobert) or Pttx-
3::dsRed2 (kindly provided by J. Dittman) as injection markers. The
rescuing lin-23 construct KP879 consists of the glr-1 promoter
(KP1008) and full-length lin-23 cDNA. BAR-1::GFP consists of the
the glr-1 promoter and full-length bar-1 cDNA tagged at the C ter-
minus with GFP. The dominant-negative LIN-23(F) construct
KP554 consists of the glr-1 promoter and a truncated lin-23 cDNA
that lacks amino acids 2 to 131. The stabilized BAR-1(2A) KP884
consists of the glr-1 promoter and full-length bar-1 cDNA, contain-
ing the S56A and T60A mutations. The expression of lin-23 was
determined using KP896 consisting of a 2.2 kb fragment of the
lin-23 promoter expressing a fusion protein of lacZ and GFP with a
nuclear localization sequence (pPD96.04, Andrew Fire), and com-
pared to the expression of glr-1 using KP889 consisting of the glr-1
promoter driving expression of the red fluorescent protein dsRed2
(Clontech). KP1161 consists of the glr-1 promoter and lin-10 cDNA




Membrane and cytosol fractions were prepared from extracts of
mixed-stage animals, and immunoprecipitations to detect ubiquiti-
nated GLR-1 were done as described (Burbea et al., 2002) (see
Supplemental Experimental Procedures). To detect ubiquitinated
BAR-1, myc-tagged ubiquitin (containing the K48R mutation) was
expressed behind the glr-1 promoter from an array (nuEx1191) in
animals expressing BAR-1::GFP (nuIs142) with and without domi-
nant-negative LIN-23 (F) (nuIs112). BAR-1::GFP was immunopre-
cipitated with anti-GFP antibodies and Myc-ubiquitinated BAR-1::
GFP was detected by Western blotting with anti-myc antibodies
(Covance). Cytosols from different preparations were adjusted to
have equal amounts of myc-ubiquitin.
The fraction of membrane-associated and cytosolic BAR-1::GFP
was determined by quantitative Western blotting of membrane and
Neuron
62cytosol fractions with anti-GFP antibodies. All preparations were D
mnormalized to the protein concentration in the cytosol fraction.
For coimmunopreciptiation experiments, BAR-1 and LIN-23 were 6
expressed with N-terminal FLAG and HA tags, respectively, using D
the pCDNA3 vector. HEK293 cells were transfected with Fugene g
(Roche) and treated with 1 M MG132 (Sigma) 6 hr before lysing
D
the cells (Hart et al., 1999). Immunoprecitations were done with a
A
polyclonal rabbit anti-FLAG antibody (Sigma). Monoclonal anti-
n
FLAG (M2, Sigma) and anti-HA antibodies (HA.11, Covance) were
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